Cerebral Amyloid Angiopathy (CAA) occurs commonly among the elderly and almost invariably in patients with Alzheimer's Disease (AD). The β-amyloid peptides (Aβ) are produced via the amyloidogenic processing of β-Amyloid Precursor Protein (APP) by β-secretase-1 (BACE1) and γ-secretase. Vascular endothelial cells are lately shown to possess the molecular machinery of Aβ production, which might participate in the development of CAA. Hypercholesterolemia is considered a risk factor for AD, whereas less is known if cholesterol may modulate endothelial Aβ production. In the present study we verified the amyloidogenic capability of Human Umbilical Vein Endothelial Cells (HUVECs) in vitro and explored the effect of cholesterol exposure on their amyloidogenic potential. Cholesterol treatments at 12.5 and 25 mg/dL significantly elevated APP, BACE1 and APP β-CTF protein levels and β-site APP cleavage activity in cell lysates, and Aβ40 levels in culture medium. However, coincubation with cholesterol at 50 and 100 mg/dL attenuated the viability of the cultured cells and diminished their amyloidogenic capability. These findings suggest that high cholesterol exposure is stressful to vascular endothelial cells, and at a certain dosage range can promote an amyloidogenic response in these cells.
Introduction
Cerebral amyloidosis is a pathological condition caused by the deposition of the β-amyloid peptides (Aβ) in the extracellular matrix and vascular wall in the central nervous system, referred to as parenchymal amyloid plaques and Cerebral Amyloid Angiopathy (CAA), respectively [1] [2] . Amyloid plaques and CAA are among the definitive neuropathological lesions of dementia of the Alzheimer's Disease (AD) and vascular types [3] - [5] , although both types of amyloidosis can be seen in the brain of non-demented elderly [6] - [13] . Along with Aβ deposits, parenchymal and vascular amyloid pathology may coexist with degenerative and reactive cellular changes, including neuronal and vascular cell loss, neuritic dystrophy and glial activation [14] - [19] .
Neurons appear to be the major origin of soluble and insoluble Aβ products in the brain given that they are enriched with the amyloidogenic biochemical machinery including β-Amyloid Precursor Protein (APP), β-secretatse-1 (BACE1) and γ-secretase [20] - [22] . In particular, elevated BACE1 protein and enzymatic activity are reported in the human brains with amyloid neuropathology [22] - [30] . Specifically, enhanced BACE1 expression is identified microscopically in dystrophic axons around neuritic and angiopathic Aβ deposition [18] [31]- [34] .
Vascular endothelial cells are initially shown to express the full set of amyloidogenic machinery in vitro, which has been lately demonstrated in vivo including in the human brain with CAA [35] - [42] . It is suggested that Aβ overproduction by vascular endothelial cells may be involved in the early stages of the development of CAA [40] - [42] . Therefore, it becomes important to identify circulatory factors that might potentiate endothelial amyloidogenesis. Hypercholesterolemia has been considered a risk factor for AD and vascular dementia for a long time [43] - [53] . However, it remains less clear if cholesterol may directly influence the amyloidogenic activity in vascular endothelial cells [54] . In the present study, we used Human Umbilical Vein Endothelial Cells (HUVECs) as a model to explore a modulatory effect of cholesterol on endothelial amyloidogenic protein expression and Aβ secretion. Cultured HUVECs exhibited a biphasic response to cholesterol treatments, with low dose exposure potentiated Aβ genesis while high dose exposure resulted in cell death and diminished Aβ production.
Materials and Methods

Cell Culture and Cholesterol Treatment
HUVECs were obtained commercially (Catalog #C0035C, Life Technologies Corporation). Cell supplies were re-suspended with DMEM/F12 containing 10% fetal bovine serum, to a beginning density approximately 5 × 10 6 cells/mL. Cells were cultured at 37˚C in a humidified atmosphere containing 95% air and 5% CO 2 , in six-well Corning-Costar plates (Catalog #CLS3516; Life Technologies Corporation). Each well was loaded with 2 ml of medium and a glass coverslip coated with polylysine, with the medium changed twice a week. Initial experiments were carried out to verify the cultured cells and optimize the biochemical assays.
Cholesterol treatments to HUVECs were initiated on day 4 of culture for each round of experiments for duration of 48 hours. A total of 3 experiments were carried out separately in different times. For each experiment, media containing 0, 12.5, 25, 50 and 100 mg/dL of cholesterol (Catalog #C8667, Sigma-Aldrich, St. Louis, MO, USA) were added in duplicate into wells loaded with the same amount of cells from the same original batch of HUVECs expansion. Media were collected following 48 hours of culture to assess Aβ40 concentrations, with the corresponding groups of cultured cells harvested for morphological study and assessment of related proteins and APP β-cleavage activity.
Immunocytochemistry and Microscopic Examination
HUVECs grown on coverslippers were fixed in situ with cold 4% paraformaldehyde for 20 minutes and stored frozen until immunofluorescent processing. Coverslippers were thawed to room temperature prior to staining, and incubated in PBS containing 5% donkey serum for 30 minutes, followed by reaction with a pair of primary antibodies raised in different species overnight at 4˚C, including 1) mouse anti-CD31 (endothelial marker) [41] and rabbit anti-APP C-terminal (CT20); 2) mouse anti-CD31 and rabbit anti-BACE1 [20] [32]; 3) mouse anti-CD31 and rabbit anti-presilinin-1 (PS1) N-terminal (ab14) [41] . Following several rinses with PBS, the coverslippers were further incubated at room temperature for a 2 hour with Alexa Fluor ® 488 donkey anti-rabbit and Alexa Fluor ® 594 conjugated donkey anti-mouse IgGs (1:200, Invitrogen, Carlsbad, CA, USA). Coverslippers were finally counter-stained with bisbenzimide (Hoechst 33,342, 1:50,000, Catalog #B2261, Sigma-Aldrich), washed thoroughly, and mounted with anti-fading medium. Immunofluorescence was examined on an Olympus fluorescent BX53 microscope equipped with a digital imaging system (CellSens Standard, Olympus Corporation, Japan).
Western Blot
HUVECs pellets (×4, w⁄v) were homogenized by sonication in T-PER extraction buffer (Pierce, Rockford, IL, USA) containing protease inhibitors (Roche, Indianapolis, IN, USA). The lysates were centrifuged at 15,000 g, with supernatants collected and protein concentrations determined by DC protein assay (Bio-Rad Laboratories, Hercules, CA, USA). Human cortical lysates available from a previous study (Xue et al., 2015) were used as an assay control to cross-validate the protein profile of the HUVECs relative to brain tissue. Fifty microgram protein was run on each lane in 10% or 18% (for APP β-CTF) SDS-polyacrylamide electrophoresis gels. Separated proteins were electrotransferred to Trans-Blot pure nitrocellulose membranes (Bio-Rad Lab.), which were immunoblotted with antibodies to APP (22C11), APP β-CTF (AHP538), BACE1, PS1-NTF (ab14), β-tubulin-III, β-actin at pre-optimized working dilutions with agitation for 12 hours. The membranes were further reacted with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse IgGs (1:20,000; Bio-Rad Laboratories), treated with the ECL Plus Western Blotting Detection Kit, and exposed against Kodak X-OMAT Blue autoradiography films that were developed in a darkroom subsequently.
APP β-Site Cleavage (BACE1) Activity Assay
APP β-site cleavage activity (representing BACE1 enzymatic activity) in HUVECs was measured in duplicate in 96-well transparent flat-bottomed plates. Samples were homogenized on ice as described above for Western blot, and assayed for enzymatic activity using a commercial kit (Calbiochem, La Jolla, CA, USA, Catalog #565785) according to manufacturer's instructions. The fluorescent signal was captured in a Bio-Rad microplate reader (PR 3100 TSC).
Enzyme-Linked Immunosorbent Assay for Aβ in Culture Medium
Aβ levels in cell culture media were obtained to estimate the amount of secreted peptides following cultivation for different time periods or treatments of cholesterol at different concentrations. Media were assayed in duplicate by solid sandwich enzyme-linked immunosorbent assay (ELISA) to assess Aβ40 levels using commercial kits (Novex ® KHB3482 for Aβ40) following the manufacturer's instruction (Life Technologies Corporation). Signals were captured in the Bio-Rad microplate reader, with the Aβ concentrations (pM/ml) calculated according to the standard curve generated from the readouts of the synthesized peptides supplied along with the kit.
MTT Cell Viability Assay
The viability of HUVECs was assayed at the end of cholesterol treatment experiments using a commercial fluogenic 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) kit following the manufacturer's instruction (Abnova, Catalog # KA1606, Taipei City, Taiwan). Fluorescent signal was measured in the Bio-Rad microplate reader, with cell viability calculated for comparing culture groups.
Quantification, Statistical Analysis and Figure Preparation
Densitometric (Western blot, digitalized using NIH-Image J) and numeric data (light absorbent signals of APP β-site cleavage enzymatic activity, Aβ ELISA and MTT fluogenic activity) were normalized to either the internal standard or the control group. Means were calculated for comparing groups, and analyzed statistically using one-way ANOVA with Bonferroni's multiple comparison tests (Prism GraphPad, San Diego, CA). The significant level of difference was set at P < 0.05. Figures were assembled with Photoshop 7.0, with brightness/ contract adjusted as needed.
Results
HUVECs Expressed Amyloidogenic Proteins and Secreted β-Amyloid Peptide
Cultured cells from the commercial HUVECs supply were examined immunocytochemically to verify their cellular profile. Cells grown 4 -10 days in vitro were mostly polygonal and sometimes fusiform in shape, had short somal protrusions and processes. All these cells expressed CD31, a marker of the vascular endothelia ( Figure  1(A), Figure 1(D) and Figure 1(G) ). In double immunofluorescence, virtually all CD31 expressing cells also co-labeled with antibodies to APP (Figures 1(A)-(C) ), BACE1 (Figures 1(D)-(F) ) [20] [32] and PS1-NTF (Figures 1(G)-(I) ) [41] .
To check the expression of amyloidogenic proteins biochemically, HUVECs lysates were blotted in parallel with human cortical lysates (available from our recent study). In comparison, HUVECs lysates contained less abundant holo-APP relative to brain samples, with the blotted protein bands migrated at a slightly heavier molecular weight position in the former (Figure 1(J) ). Mature BACE1 (~70 Kd) and APP β-CTF (~14 Kd) were present in cortical and HUVECs lysates at similar migration position (Figure 1(J) ). The signal of β-actin was comparable between the two assayed samples, whereas that of the neuronal protein β-tubulin was much more intense in the cortical relative to endothelial lysates (Figure 1(J) ).
To check Aβ secretion by HUVECs, the amounts of Aβ40 (considered to be most abundant Aβ species in CAA) in culture media were assayed with an ELISA kit. In several preliminary trials with media collected following 3 days of culture, Aβ40 levels were found to be around or slightly above the detecting threshold of kit. Subsequently, a batch of culture was carried out such that individual wells were maintained to different time points without change/resupply of culture medium. Thus, media from the wells with cells cultured for 2, 4, 6, 8, and 10 days were assayed for the levels of Aβ40. The amount of Aβ40 in the medium showed a trend of accumulation in the groups cultured from 2 -10 days (Figure 1(K) ).
Cholesterol Exposure Affected the Viability of Cultured HUVECs
Pilot studies were carried out with cholesterol at titered concentrations from 200 down to 6.25 to mg/dL and duration of culture time from 24 -48 hours, which indicated that the 6.25 mg/dL treatment had no noticeable effect relative to the 0 mg/dL group, whereas 200 mg/dL treatment caused massive cell death. Therefore, formal experiments (3 separate sets) were designed to determine the effect of 48 hour cholesterol coincubation at 0, 12.5, 25, 50 and 100 mg/dL concentrations, respectively. At the end of the treatments, we assessed cell morphology and the amount of cells microscopically as well as their viability using the MTT assay. Cell pallet lysates and culture media were assayed biochemically to quantify amyloidogenic protein and Aβ secretion.
On microscopic examination with phase-contrast imaging, cells in the groups cultured with cholesterol at 0, 12.5 and 25 mg/dL were well attached to the coverslippers and showed healthy-looking morphology and comparable density (Figures 2(A)-(C) and Figures 2(A')-(C') ). In contrast, cells in the 50 and 100 mg/dL groups appeared reduced or largely lost, with small-sized round profiles (likely cellular remains or debris) seen over microscopic field and only a few fusiform cells distinguishable (Figure 2(D) and Figure 2(D'), Figure 2 (E) and Figure 2(E')) . In parallel, cell viability was affected by cholesterol coincubation. Thus, relative to control group (0 mg/dL), the MTT scores of the cholesterol treatment groups showed a dose-dependent reduction (P < 0.0001, F = 32.6, df = 4, 10, one-way ANOVA). Posthoc tests (Bonferroni's Multiple Comparison Test) indicated a significant difference between the 0 mg/dL and all other dosage groups; between the 12.5 relative to the 50 and 100 mg/dL groups, and between the 25 relative to the 50 and 100 mg/dL groups (Figure 2(F) ).
Cholesterol Exposure Affected the Amyloidogenic Capability of Cultured HUVECs
Overall, the amounts of immunoblotted proteins were under the levels of detection (or lost) in the cell lysates from the group that was treated with 100 mg/dL cholesterol, therefore this group was not included in densitometric quantification (Figure 3(A) ). Comparing to the control group (0 mg/dL), levels of holo-APP proteins were increased in the 12.5 and 25 mg/dL groups but reduced in the 50 mg/dL group (P < 0.0001, F = 66.0, df = 3, 8), with post-hoc tests indicating difference for the 12.5 vs. the 25 and the 50 mg/dL groups, and for the 25 vs. 50 mg/dL groups (Figure 3(B) ). BACE1 protein levels were elevated in the 12.5 and 50 mg/dL groups relative to Figure 1 . Expression of amyloidogenic proteins and Aβ production in cultured human umbilical vein endothelium cells (HUVECs). Panels (A)-(I) shows HUVECs grown in vitro 8 days after an initial expansion from the cell line, appearing in fusiform and polygonal profiles, and they express the endothelial signature protein CD31 (A) (D) (G). These cells also exhibit immunofluorescence for β-amyloid precursor protein (APP) (with the C-terminal antibody CT20), β-secretase 1 (BACE1) and presenilin-1 (PS1) (with the PS1-NTF antibody ab14). In cell lysates (J), the holo-APP proteins in HUVECs migrate at a slightly heavier molecular position relative to the counterpart immunoblotted in human brain cortical lysates. BACE1 and APP β-cleavage C-terminal fragment (APP β-CTF) are present in both the brain and HUVECs lysates (J). Note that the amount of β-actin is comparable between the two types of lysate, while the quantity of β-tubulin is minimal in the HUVECs lysates relative to human cortical samples used as assay control (J). The amount of Aβ40 in the media assayed by ELISA increases with extension of the culture days (d) (K). Insert in (K) shows a linear relationship between Aβ concentrations and light absorbance in ELISA. Scale bar = 100 μm in (A), applying to (B)-(I). (Figure 3(C) ). Levels of APP β-CTF tended to increase in the 12.5 and 24 mg/dL groups but reduce in the 50 mg/dL group relative to control (P < 0.0001, F = 57.1, df = 3, 8), with significant difference between each pair of comparing dosage groups except for the 0 vs. 12.5 mg/dL groups (Figure 3(D) ). Furthermore, APP β-site cleavage enzymatic activity exhibited a trend of increase in the 12.5 and 50 mg/dL groups and a reduction in the 100 mg/dL group relative to control (P < 0.0001, F = 32.8, df = 4, 10). Post-hoc test reported significant difference for the 0 vs. 25 mg/dL, the 12.5 vs. the 25 and 100 mg/dL groups, the 25 vs. 50 and 100 mg/dL and the 50 vs. 100 mg/dL groups (Figure 3(E) ). Finally, Aβ40 levels in the media were elevated among the cholesterol treatment groups relative to control except for the 100 mg/dL group (P < 0.0001, F = 31.0, df = 4, 10). There existed significant difference for the control relative to the 25 and 50 mg/dL groups, for the 12.5 relative to the 25 and the 50 mg/dL groups, for the 25 relative to the 50 and 100 mg/dL groups by post-hoc test (Figure 3(F) ).
Discussion
Vascular Endothelial Aβ Genesis and Its Potential Pharmacological Implications
Earlier studies have demonstrated that several vascular endothelial cell lines, including the HUVECs and brain microvascular endothelial cells (BMECs), express the substrate and enzymes for Aβ production [35] - [39] . These findings are supported by in vivo observations from mouse and human brain preparations lately [40] - [42] . We have shown that APP, β-CTF (C99), BACE1 and PS1 protein products are detectable in primary culture of isolated human arterial endothelial cells [41] . According to an early report, APP770 is the major variant of the APP isoforms expressed at the protein levels by vascular endothelial cells, whereas neurons largely express APP695 Figure 3 . Biochemical characterization of the effect of cholesterol exposure on amyloidogenic capability of cultured human umbilical vein endothelium cells (HUVECs). Panel (A) shows immunoblot images of cell lysate proteins from one set of experiments, documenting a loss of proteins in the 100 mg/dL group, with the amounts of APP, BACE1 and APP β-CTF, but not PS1-NTF, noticeably increased in the 12.5 and 25 mg/dL groups relative to control. Quantitatively, levels APP (B), BACE1 (C) and APP β-CTF (D) are significantly elevated ( * ) or tended to increase ( # ) in these two groups as compared to control. β-site APP cleavage (BACE1) enzymatic activity of the cell lysate is higher in the 12.5 -50 mg/dL groups relative to control, with the 25 mg/dL group exhibiting statistical significance (E). Aβ40 levels in the media are elevated in the 12.5 -50 mg/dL groups relative to control (F). * P < 0.05 relative to control. [37] . Consistent with this notion, the holo-APP proteins immunoblotted in primary human endothelial cultures migrate at a slightly heavier molecular weight position relative to its counterpart from brain lysates [41] . Importantly, data from humans and transgenic mouse models of AD suggest that Aβ overproduction in cerebral vascular endothelia, potentially mediated by excessive BACE1 activity, may contribute to the development of CAA [40] - [42] , especially at the early pathogenic stage [41] .
Here we have verified morphologically and biochemically that cultured HUVECs possess the full set of biochemical machinery of amyloidogenesis. Thus, these cells exhibit immunolabeling for APP and BACE1, as well as PS1 that serves the catalytic subunit of the γ-secretase complex [22] [55] . As with primary human vascular endothelial cultures [41] , the holo-APP proteins immunoblotted with HUVECs lysates are slightly heavier than brain-derived APP, suggesting that the former likely represents the APP770 variant [37] . Moreover, Cultured HUVECs can secrete Aβ peptides, which accumulate in the media with time, as indicated by the increase of Aβ40 levels assessed by ELISA over different periods of cultivation.
The finding that vascular endothelial cells produce Aβ may have some implications especially with regard to the design of drugs to antagonize brain amyloid pathogenesis. Attenuating Aβ overproduction by BACE1 and γ-secretase inhibitors/modulators has been explored as an pharmacological option for AD or cerebral amyloid pathology, although clinical trials on a number of γ-secretase inhibitors have failed to establish therapeutic benefits so far [56] . BACE1 inhibitors appear to be promising given that they block the initial step of the amyloidogenic pathway, and can reduce the levels of Aβ as well as APP β-CTF, the latter is also considered to be neurotoxic [18] [21] [57]- [60] . However, emerging evidence also raises concern as to whether inhibition of neuronal BACE1 may cause serious side-effects by disrupting the neurobiological role of the enzyme [61] . It is of interest to note that initially developed BACE1 inhibitors are generally not advanced into clinical trials because they are incapable of passing across the Blood Brain Barrier (BBB). In this regard, targeting endothelial Aβ genesis with brain impermeable BACE1 inhibitors may be not only pharmacologically feasible but turn out to be a blessing strategy [42] . Hypothetically, such inhibitors could act against the early rise of Aβ in vascular wall, protect BBB integrity and have less neuronal toxic effect, and therefore, may serve as preventive agents.
Cholesterol as an Inductive Factor for Vascular Aβ Overproduction
Cholesterol has been long considered a risk factor for vascular dementia and AD according to epidemiologic data [43] - [53] . Cholesterol is transported between tissues/cells via apolipoprotein E and its interaction with its cell-surface receptors [46] . Individuals carrying the apolipoprotein E epsilon 4 allele (APOE-ε4) are shown to have an increased vulnerability to AD and dementia [48] [51] . These carries are associated with hypercholesterolemia [43] [48] [53] and increased prevalence and severity of cerebral amyloid pathology, especially CAA [2] [11] [52] [62] . Statins, which lower blood cholesterol levels, appear to be beneficial for preventing AD and dementia [49] [63] .
Given vascular endothelia being positioned at the first front to potential circulatory stress factors; it is of interest to identify such factors that might affect the amyloidogenic activity in these cells. As elaborated above, cholesterol represents one of the candidate circulatory stress factors of interest to explore its influence on endothelial Aβ genesis. In the present study we find that cultured HUVECs respond to cholesterol exposure in a dose-dependent biphasic mode. At the lower doses tested in vitro, from approximately 12.5 to 25 mg/dL, cholesterol exposure potentiates amyloidogenesis in HUVECs by up-regulating APP and BACE1, but not PS1, expression. At higher concentrations, especially at 50 and 100 mg/dL, cholesterol exposure reduces the viability and causes death of the HUVECs. The cellular toxicity induced by high cholesterol exposure is associated with diminished expression of the amyloidogenic (reduce or loss of APP, BACE1 and β-CTF immunoblotting signal) and house-keeping proteins (loss of GADPH immunoblotting signal), and reduced Aβ production (lowering of Aβ levels in culture medium), in the HUVECs. These findings imply that elevated blood cholesterol could be a factor to potentiate amyloidogenesis in vascular endothelial cells.
In clinical practise, hypercholesterolemia is often defined by blood total cholesterol concentration greater than 200 mg/dL (this cutoff may vary from hospital to hospital). In the current in vitro setting, cultured HUVECs appeared to be very sensitive to exogenous cholesterol challenge. Indeed, at concentrations much lower than 200 mg/dL, they already responded to cholesterol exposure quite robustly (from enhanced Aβ genesis and even to compromised whole cell viability). The dose-effect response observed in our in vitro experiments was progressive relative to the cholesterol concentrations tested. Notably, the low concentration treatments (12.5 mg/dL as well as 6.25 mg/dL tested in pilot studies) did not apparently impair cell morphology, viability or responses of protein (e.g., APP, BACE1 or β-actin) expression. Therefore, while our findings could (and should) not be truly correlated to hypercholesterolemia in a clinical term (perhaps as it is always for the case of in vitro experiments), the data clearly demonstrate a modulatory effect of cholesterol on amyloidogenesis in vascular endothelial cells. Translation of in vitro findings towards clinical relevance needs to be always cautious. Bearing an interpretative limitation in mind, the results obtained in this study are nonetheless relevant to the understanding of a potential pathophysiological role of hypercholesterolemia.
Conclusion
In summary, cultured human umbilical vein endothelial cells express a full set of biochemical machinery for the production of β-amyloid peptides and are capable of secreting the peptides into culture medium. The amyloido-genic activity of these cells is enhanced in response to the exposure of cholesterol within a certain concentration range, while strong cholesterol challenge deteriorates their viability. These findings point to a possibility that hypercholesterolemia may serve as a circulatory factor to promote β-amyloid production in and release from vascular endothelial cells.
